Subunit IV-PetL chimeras in cytochrome b 6 f complex -4 -gement of transmembrane helices around the C2 axis of symmetry of the dimer that looks similar to that in cytochrome bc 1 , making it possible to propose tentative positions in the map for most of the b 6 f transmembrane helices (see ref. 13 ). Since cytochrome bc 1 does not contain peptides homologous to the small b 6 f subunits, its structure on the other hand is of little help in trying to understand their arrangement and role in thee b 6 f complex. Yet, some of the structural divergences between the two types of cytochromes, including their dissimilar subunit and prosthetic group (see ref. 14) complements, must bear on functional differences.
One of those, which is particularly relevant to the present work, is the role of cytochrome b 6 f in the so-called State Transitions, a regulatory process whereby photosynthetic organisms balance the supply of excitons between the reaction centers of the two photosystems (PS) (15, 16) . Transition from State 1 to State 2 results from the transfer of a fraction of the outer PSII light harvesting complex (LHCII) to PSI, a process triggered by the phosphorylation of LHCII (16, 17) . During a State 2 → State 1 transition, LHCII is dephosphorylated and re-associates with PSII (16) . Modulation of the phosphorylation state of antenna proteins result from the opposite actions of an LHCII-kinase, the activation of which is redoxdependent (18) , and a phosphatase, which is generally considered to be permanently active (19) . Recent data however have suggested a possible regulatory role of an immunophilin-like protein (20) . Phosphorylation is activated by the reduction of the plastoquinone (PQ) pool (18, 21) and requires the presence of cytochrome b 6 f (22, 23) . The nature of the kinase is still obscure, even though its presence has been reported in partially purified preparations of higher plant cytochrome b 6 f complexes (24) . In Arabidopsis thaliana, the consequences of expressing antisense RNAs (25) suggest the involvement in State Transitions of a family of thylakoid-associated -presumably transmembrane -kinases (TAKs) (26) . Although the molecular mechanism by which the redox state of the PQ pool controls the kinase is not known, it has been shown in vitro with thylakoid preparations from spinach (27, 28) and in vivo in C. The original aim of the present work was to gather information about the location and transmembrane topology of subunit PetL. PetL is strictly required neither for the accumulation nor for the function of cytochrome b 6 f ; in its absence, however, the complex becomes unstable in vivo in aging cells and labile in vitro (7) . The mRNA sequence deduced from that of the chloroplast gene petL features two possible AUG codons (7) . The N-terminus of PetL being blocked (3), it is not known which is used for initiation. The distribution of basic residues in the predicted sequence of PetL suggests that, whatever the N-terminus is, it is likely to lie in the thylakoid lumen (7) . If this prediction is correct, the C-terminus of suIV and the N-terminus of PetL lie in the same subcellular compartment. In the present study, we have fused the genes coding for suIV (petD) and for PetL by linking either the first or the second of the putative initiation codons for PetL to that coding for the last residue of suIV ( Fig. 1) , and examined the expression and accumulation of the chimeric constructs. In vivo functional analysis using time-resolved spectroscopy and fluorescence measurements revealed unusual properties : the chimeric mutants are unimpaired as far as the Q-cycle is concerned, but their State Transitions are blocked. In order to narrow down the range of possible structural interpretations of these observations, the length of mature PetL has been directly investigated by mass spectrometry (MS) analysis of the WT complex. The phenotype of the chimeric strains provides interesting insights into the nature of transconformations that could account for the activation of the kinase. In the course of the MS study, evidence was also obtained regarding the presence in Chlamydomonas b 6 f of a hitherto unrecognized subunit, PetN, which was confirmed immunologically.
Fig. 1
Subunit IV-PetL chimeras in cytochrome b 6 f complex -6 -
EXPERIMENTAL PROCEDURES
Materials -Sources of chemicals not indicated in the text were as described in ref. 3 .
Strains, media, and growth conditions -A WT C. reinhardtii strain (mt+) derived from strain 137c and a ∆petL deletion strain (7) were used as controls. The deletion strain ∆petD (mt+) (29) cassette conferring resistance to spectinomycin inserted at the SnaBI site within the petL coding sequence (7) . Transformed clones were selected on TAP medium containing spectinomycin (100 µg.ml -1 ) and subcloned several times on selective medium until they reached homoplasmy. At least three independent transformed strains were characterized for each construct.
Preparative and analytical techniques -Cells grown to a density of 4.10 6 .ml -1 were broken in a "bead-beater" (Biospec-Products) according to the manufacturer's instructions.
The membrane fraction was collected by centrifugation and resuspended in 10 mM Tricine, pH 8, at a chlorophyll concentration of 3 g.l -1 . For SDS-PAGE, membrane proteins were resuspended in 100 mM dithiothreitol and 100 mM Na 2 CO 3 and solubilized by 2% SDS at 100°C for 1 min. Polypeptides were separated on a 12-18% polyacrylamide gel containing 8 M urea (36) . Immunoblotting was performed as described in ref. 3 . The antiserum against PetL (7) was a kind gift of J.-D. Rochaix (Université de Genève). For the present work, antisera were prepared (Neosystem, Strasbourg, France) against peptides covering three regions of the predicted sequence of C. reinhardtii PetN precursor, namely PAAQAAQEVAMLAEG*, IVQIGWAATCVMFS* and *FSLSLVVWGRSGL (cf. Fig. 8 ; the asterisk indicates the site of coupling to the carrier protein). The only antiserum that yielded a positive reaction on immunoblots was that raised against the C-terminal peptide, coupled to ovalbumin via its Nterminus. Other antipeptide antisera have been described in ref. 3 . Cytochrome b 6 f purification and electron transfer activity measurements were performed as described in ref. 3 .
Optical and fluorescence measurement -Fluorescence measurements were performed at room temperature on a home built fluorimeter : samples were excited using a light source at 590 nm, and the fluorescence response was detected in the far-red region of the spectrum.
Absorbance measurements were performed at room temperature with a home built spectrophotometer described in refs. (37, 38) . Cells were re-suspended in the presence of 10 % Ficoll to avoid sedimentation. The slow phase of the electrochromic signal ("phase b"
according to ref. 39) , which is associated with electron transfer through the cytochrome b 6 hemes, was measured at 515 nm, where a linear response is obtained with respect to the transmembrane potential (40) . Deconvolution of phase b from the membrane potential decay and calculation of cytochrome f redox changes were performed as described in ref. 41 .
Protein phosphorylation assays -Cells were re-suspended in a phosphate-depleted medium containing 1 µCi ml -1 33 Pi. They were treated as described in ref. 32 
RESULTS

Construction of C. reinhardtii mutants expressing chimeric proteins -Two chimeric
proteins were constructed, both of them comprised of a full-length suIV fused, at its C-terminus, to the N-terminus of PetL (Fig. 1 ). They differed with respect to which of two AUG codons was considered as the initiation codon for PetL synthesis. As a result, the last transmembrane helix of suIV was connected to the single putative transmembrane helix of PetL by either a short or a long intervening loop (~20 and ~30 residues, respectively). The corresponding plasmids were named pDLS and pDLL. The chloroplast genome of the non-phototrophic ∆petD strain, which lacks the gene encoding suIV (29) , was transformed by either plasmid.
Both chimeric constructs yielded phototrophic clones. SDS-PAGE followed by immunoblotting with an anti-suIV antiserum showed that thylakoid membranes prepared from the transformed strains still lacked WT suIV. They accumulated instead a larger protein, whose size correlated with the expected size of the chimeras (Fig. 2) . The same protein indeed also reacted with an Subunit IV-PetL chimeras in cytochrome b 6 f complex -10 -antiserum directed against PetL (not shown). The restoration of phototrophy therefore is not due to the presence of WT-like suIV, but to the fact that either of the two chimeric proteins can substitute for it.
In the absence of suIV, most other b 6 f subunits are synthesized at WT rate, but rapidly degraded, and therefore do not accumulate (29, 42) . As expected given the phototrophy of the DLS and DLL strains, expression of either chimeric protein restored accumulation of the other b 6 f subunits (Fig. 2) , confirming that they assembled into a functional complex. A difference between the two strains however was consistently observed regarding WT PetL. This subunit, which was expressed in both cases along with the chimeric protein, accumulated to WT levels in the strain expressing the chimera with the short loop, DLS, but not in the presence of that with a long loop, DLL (Fig. 2) . Since the b 6 f complex is present and functional in DLL cells, it seemed likely that the chimeric protein could structurally and functionally substitute for both suIV and PetL.
Fig. 2
Chimeric PetL is able to stabilize the b 6 f complex in the absence of the endogenous subunit -In order to test this hypothesis, the chloroplast genomes of strains DLL and DLS were transformed with plasmid pycf7::aadA. This plasmid carries a petL coding sequence disrupted by the insertion of an aadA cassette, which confers resistance to spectinomycin (7).
Transformed strains, named DLS∆ and DLL∆ depending on the recipient strain, were selected on spectinomycin-containing plates. Both types of strains were phototrophic and grew at a rate similar to that of the WT (not shown). Immunoblots of cells grown exponentially showed that they failed to accumulate either WT-like suIV or PetL (Fig. 2) . On the other hand, the DLS∆ and DLL∆ strains accumulated the DLS or DLL chimeras, respectively, to levels similar to those observed for suIV in the WT strain (Fig. 2) . The same held true for the other b 6 f subunits, indicating that in both cases the whole complex was properly assembled, with, apparently, a ~1:1 stoichiometry between the chimera and WT subunits (Fig. 2 ).
The stability of cytochrome b 6 f is affected in ∆petL strains obtained by transformation of the WT with the ycf7::aadA plasmid : during exponential growth, the complex accumulates, although to somewhat reduced levels ; when cells enter the stationary phase, however, it disappears from thylakoid membranes (7). This behavior suggests that the absence of PetL renders the b 6 f complex more sensitive to proteolytic degradation tended to be somewhat lower in strain DLL∆ and, even more so, in strain DLS∆ than in either WT or the DLL and DLS mutant strains (Fig. 4B ).
Fig. 4
Biochemical stability of cytochrome b 6 f complexes incorporating the DLL chimeric protein -PetL-free cytochrome b 6 f complexes containing WT suIV, as accumulated during the exponential phase by ∆petL mutant strains, are markedly unstable following solubilization : upon sucrose gradient fractionation, they monomerize and release the Rieske protein (7). Cytochrome b 6 f complex from the chimeric mutant strain DLL∆, on the other hand, was still dimeric and functional after solubilization and purification on sucrose gradient. Subunit distribution along the gradient was similar to that for the WT complex (not shown) : the Rieske protein, in particular, comigrated with the other subunits, which is a reliable criterion of the integrity of the complex and its dimeric state (2). Nonetheless, DLL∆ complexes are more fragile than WT ones, and purification to homogeneity proved problematical.
Table I
Mass spectrometry analysis of the 4-kDa subunits -A structural interpretation of the above results depends in part on whether the putative 11-residue N-terminal extension of PetL, which makes up the difference between long and short loops in the chimeras, is part of the mature WT PetL subunit or not. In order to directly probe this point, preparations of purified WT cytochrome b 6 f complex were submitted to SDS-PAGE and the peptides present in the low-M r region analyzed by mass spectrometry. The results are summarized in Table I and is undoubtedly present in the purified complex, the fact that no PetL peptide starting with the second methionine residue was recovered cannot be taken as a definite proof that this putative initiation site is not used at all.
Fig. 5
Interestingly, MALDI-TOF spectra also revealed the presence in purified preparations of WT C. reinhardtii b 6 f of a fourth small subunit, PetN ( Fig. 5 and Table I ). Up till now PetN had been identified in Tobacco only, with strong evidence that in this organism it is an essential subunit of the b 6 f complex (10). The nuclear genome of C. reinhardtii does contain a gene related to N. tabacum petN (11) . Antisera were raised against one C-terminal and two putative N-terminal peptides predicted by the sequence of C. reinhardtii petN (Fig. 6A, boxes) .
Immunoblots of purified WT b 6 f gave a positive signal with the anti-C-terminus serum only (Fig. 6B) . Analysis of WT and ∆petD thylakoid membranes using this serum showed that PetN is absent in cells that do not accumulate the b 6 f complex (Fig. 6B ).
Fig. 6
State Transitions are abolished in the chimeric mutants -The occurrence of State
Transitions in the chimeric mutants was examined by measuring the fluorescence yield of intact algae in the presence of the PSII inhibitor DCMU (43) . PSI, at room temperature, acts as a strong fluorescence quencher (15) . Fluorescence emission therefore is proportional to the size of the PSII antenna and inversely proportional to the yield of PSII photochemistry (44 showed significant phosphorylation in the DLL∆, DLS∆ and ∆petD mutants (Fig. 8) . were comparable to those observed in the WT (41) . In green algae incubated in the dark, an electrochemical proton gradient builds up (51), which selectively slows down the reactions occurring at the Q o site (38, 51) . Such a gradient was also observed in the two mutants, as indicated by the effects of the protonophore FCCP, the addition of which accelerated phase b (Fig. 9 , A to C, circles) and the reduction of cytochrome f (Fig. 9 , D to F, circles) in much the same manner as observed in the WT (t ½ ≈ 2 ms). We conclude, therefore, that the main electron and proton transfer steps of the b 6 f catalytic cycle are not affected in the DLL∆ and the DLS∆ mutants. What then is the fate of the PetL-like moiety of the chimeras ? Our data indicate that this is a function of i) the length of the intervening loop and ii) the presence or absence of the WT PetL subunit. In the DLS strains, which contain the short-loop construct and express WT PetL, the latter accumulates to WT-like levels. It is, therefore, not accessible to proteolysis, as is the case with non-assembled PetL, and must be incorporated stoichiometrically into the modified complexes. Immunoblots indicate that the PetL-like extension of the chimera is not proteolytically trimmed. The DLS complexes therefore must comprise two copies of the PetL sequence, one free and one fused to suIV. The latter is likely to form an extra transmembrane helix. The fact that it interferes neither with the assembly nor with the functioning of the complex is compatible with the outlying position of the third helix of suIV that is suggested by Subunit IV-PetL chimeras in cytochrome b 6 f complex -18 -electron microscopy data (13 ; see below). It is an interesting observation that, even though it cannot occupy its proper position in the complex, this extra PetL-like sequence segment is not degraded, while free, non-assembled PetL is (7). Among several possible interpretations, a simple one would be that degradation of free WT PetL starts at the N-terminus (i.e., as shown below, from the lumen).
In constructs with a long loop, on the contrary, there is every evidence that the PetLlike moiety can, and does, displace and substitute for the endogenous peptide: i) in strains that co-express WT PetL along with the long-loop chimera (DLL), PetL accumulates to very low levels as compared to that in WT cells or in cells harboring the short-loop construct ; the most straightforward interpretation of this phenomenon is that the C-terminal moiety of the longloop chimera occupies the binding site of PetL, which, not being able to assemble, becomes proteolytically degraded ; ii) in strains that express the long-loop construct but no WT PetL (DLL∆), a functional complex is nevertheless assembled ; it is much more stable than PetLfree complexes both in vivo (persistence in aging cells) and in vivo (resistance to detergent).
Altogether, these observations strongly suggest that the PetL-like moiety of the long-loop construct is able to bind to the site normally occupied by PetL and, to a large extent even if not absolutely with the same efficacy, to exert its stabilizing effect on the complex. Biochemical and spectroscopic data offer evidence that the short-loop construct also confers functionality to PetL-free complexes ; the stability of the DLS∆ complexes in aging cells however appears marginal. The affinity of the PetL-like moiety of the short-loop chimera for the binding site of PetL indeed must be lower than that of the long-loop one, since, at variance with the latter, it is unable to efficiently compete with endogenous PetL for its binding site and, thereby, to provoke its degradation. It seems safe, therefore, to conclude that the transmembrane orientation of WT PetL must be that originally postulated (7), namely that its N-terminus faces the lumen. While there is no doubt that the chimeras can structurally and functionally substitute for both suIV and PetL, a structural interpretation of this phenomenon again depends on the number of chimeras per monomer. The simplest and most likely hypothesis is that a single chimera molecule occupies simultaneously both the suIV and the PetL sites. An alternative is that two distinct chimeras with the same transmembrane topology be involved, one providing its suIV moiety and the other the PetL one, which would leave the distance between the two sites undetermined. One may entertain doubts at the idea of the b 6 f dimer accommodating eight redundant transmembrane helices without its functionality being compromised. Such a model however is difficult to rigorously rule out. Immunoblots give no indication that the stoichiometry of the chimera to the other b 6 f subunits is 2:1 rather than than 1:1 ; however, Subunit IV-PetL chimeras in cytochrome b 6 f complex -22 -the ECL reaction used in the present study is far from being a quantitative assay. It could also be argued that proteolytic removal of unassembled suIV is so efficient that it is unlikely that chimera molecules with only the PetL moiety inserted into the complex would be totally spared and would not generate any fragments, which would have been detected in immunoblots.
Implications for the transmembrane topology of PetL
PetL length and location in the complex -
The argument holds some appeal… but it is weakened by the fact that, in DLS strains, the redundant PetL-like extension of the chimera, which is undoubtedly present, is not degraded. (26) , which are likely involved in State Transitions (25) , and the outermost region of conformational changes would be readily accessible to diffusing transmembrane proteins (cf. Fig. 10 ).
Inhibition of State Transitions -
Fig. 10
In the frame of this model, the phenotypes of the chimeric mutants can be tentatively explained. This is illustrated in 
